Different supernova explosion mechanism may lead to differently structured ejecta. Type
Even at extragalactic distances, the shape of supernova ejecta can be effectively diagnosed by spectropolarimetry. We present here results for 17 Different supernova explosion mechanism may lead to differently structured ejecta. Type Ia supernovae (SNe) have been used as a premier tool for precision cosmology. They occur when a carbon/oxygen white dwarf reaches the Chandrasekhar stability limit, probably due to mass accretion in a binary system, and is disrupted in a thermonuclear explosion (1) . It is, however, a matter of decade-long debate how the explosive nuclear burning is triggered and how it propagates through the progenitor star (2, 3, 4, 5, 6) . Successful models generally start with a phase of sub-sonic nuclear burning, or deflagration, but theorists disagree on whether the burning front becomes supersonic following the earlier phase of deflagration. An explosion that does turn into supersonic burning is called delayed-detonation (4) . The resulting chemical structures are dramatically different for deflagration (5) and delayed-detonation models (7) . For a pure deflagration model, chemical clumps are expected to be present at all velocity layers that burning has reached (5). For delayed-detonation, the detonation front propagates through the ashes left behind by deflagration and burns partially burned or unburned elements further into heavier elements, and erases the chemically clumpy structures generated by deflagration.
The polarized emission from a supernova is caused by electron scattering in its ejecta. It is sensitive to the geometric structure of the ejecta (8) . Electron scattering in an asymmetric ejecta would produce non-zero degrees of polarization (8) . In continuum light, normal SNe Ia are only polarized up to about 0.3%, but polarization as high as 2% is found across some spectral lines (10, 11, 12, 13, 14, 15) . The polarization decreases with time and vanishes around 2 weeks past optical maximum. The low level of continuum polarization implies that the SN Ia photospheres are, in general, approximately spherical. The decrease of polarization at later times suggests that the outmost zones of the ejecta are more aspherical than the inner zones. Similarly, the large polarization across certain spectral lines implies that the layers above the photosphere are highly aspheric and most likely chemically clumpy (13, 14, 16, 15) .
In this study, we report polarimetry of 17 SNe Ia. These are all the SNe Ia for which we have pre-maximum polarimetry. The observations (Table 1) The observed Stokes parameters can be projected onto the so-called principle and secondary axes, which are defined (9, 13) by a principle-component analysis of the data points on the Q-U diagram such that the spectral variation of the polarization is maximal along the principle axis. The secondary axis is orthogonal to the principal axis. As an example, in the spectra and principle components of the polarization of SN 2002bo at different epochs ( Fig. 1) , the polarized spectral features at 470.0 nm, and at 600.0 nm decreased significantly by day +14. The polarization data for SN 1996X, SN 1999by, SN 2001el, and SN 2004dt have been discussed in previous studies (11, 12, 13, 16, 14, 15) revealing a considerable level of individuality.
As a luminosity indicator we use the decline in B magnitude within 15 days from maximum (∆m 15 ). This quantity is found to be well correlated with the intrinsic luminosity of SNe Ia (17) As the continuum polarization is generally low (∼ 0.2) for SN Ia, the ejecta is likely to be chemically clumpy to explain the observed high polarization across spectral lines (14) . If this is the case, projection effects must play a role in diluting this correlation (Fig. 2) . This might be the case for the significant deviation of SN 2004dt from the regression line (Fig. 2) . When viewed in certain directions, the degree of polarization can be particularly large or small. A tight correlation could only be expected for the mean degree of polarization averaged over several SNe and at the same photometric phase. To quantify this effect, we have constructed a toymodel which assumed that the disk of the supernova photosphere is polarized at 11.73% (20) at the limb, and decreases quadratically with distance from the limb to the center to zero polarization (see also the Supporting Online Material). We performed a Monte-Carlo simulation which assumes N opaque clumps, each covering an area S along the line of sight to the photosphere.
The depth of the P-Cygni absorption feature (defined as the ratio of flux at the minimum of the absorption feature to that of the continuum) is then 1 − NS/πR 2 , where R is the radius of the photosphere. For lines about 50% deep (NS/πR 2 = 0.5), the probability distribution of the polarization is found to peak at around 0.5% for N = 20. The 1 − σ width of this distribution calculated assuming NS/πR 2 = 0.5 ( Fig. 2) envelopes most of the observed data points. In reality, there is a wide range of Si II line strengths, accordingly the numbers and sizes of lumps may not be the same for all the SNe. The observed polarization-∆m 15 correlation appears to be tighter than given by the Monte-Carlo model. This is perhaps an indication of a non-negligible amount of large scale asymmetry of the SN ejecta, especially for those SNe with high polarization and ∆m 15 . Such large scale asymmetries do not generate noticeable amounts of polarization in the continuum, which is formed deeper inside, and can be due to large plumes located above the SN photosphere. It may also be generated from the interaction of the ejecta with the circumstellar material such as an accretion disk before the explosion of the white dwarf progenitor. Alternatively, the observed tight correlation may also be due to a global aspherical explosion. In this case, a tight correlation implies more asymmetric explosion generates intrinsically dimmer SNe. However, we stress that the asymmetries we observed here are confined to the high velocity regions and do not affect the geometric shape of SN photosphere around optical maximum. Any large scale asymmetry is therefore confined only to the outmost layers.
As the light curve of SN Ia is powered by the radioactive decay of 56 Ni, we infer ( Fig. 2 ) a possible anti-correlation between the amount of 56 Ni synthesized in SNe Ia and the asphericity of the silicon rich layer.
Our discovery puts strong constraints on any successful models of SNe Ia. At around optical maximum, the photosphere is typically located at velocities around 12,000 km/sec as measured from P-cygni line profiles, which according to hydrodynamic calculations (7) of delayeddetonation, is close to the velocity zones dominated by iron group elements. The absence of significant polarization at this velocity is evidence in support of delayed-detonation.
Details of delayed-detonation models affect the brightness of SNe Ia and their geometric structure. Larger departures from sphericity imply less of the central region is scoured of irregularities in the composition left by pure deflagration models, and thus less material burned to thermonuclear equilibrium and hence dimmer SNe, in accordance with the statistical trend revealed by our studies.
Finally, we make some remarks on using SNe Ia as standard candles. Asymmetry introduces intrinsic magnitude and color dispersions. Intrinsic color dispersion may be particularly important as it makes it difficult to perform precise extinction corrections. The stochastic nature of the origin of the asymmetry suggest that the color corrections can only be performed in a statistical sense. It is perhaps difficult to find pairs of SNe Ia with identical light-curve and spectroscopic properties.
In summary, the application of spectropolarimetric observing techniques to SNe Ia permits the geometric structures of SNe to be probed even though they are at distances that cannot be spatially resolved. The explosion of SNe Ia is intrinsically a 3-D phenomenon, and a phase of delayed detonation is necessary to account for the observed geometric and chemical differentiation. 
